We have previously shown the adherent nontransformed, nonimmortalized murine bone marrow stromal cell (BMSC) population to consist of phagocytic macrophage and endothelial-like cells and nonphagocytic fibroblasts. Both colonial and near confluent growth of each cell type was obtained following magnetic bead separation, subsequent passaging, and sustained culture with fetal bovine serum and cytokines. Monoclonal antibody staining of antigenic determinants was used to characterize the phenotype of the stromal cell population in primary platings of murine colony-forming unit fibroblast and long-term bone marrow cultures. The antibodies MECA-99, MECA-32, and MJ7-18, raised against murine vascular endothelial antigenic determinants, and von Willebrand's factor all stained selectively for the rounded endothelial-like cells. Endotheliallike cells as well as macrophages expressed the myeloid HE HEMATOPOIETIC microenvironment of bone T marrow includes a mixed population of stromal cell types that are possible sources of growth factors (cytokines) that modulate hematopoietic stem cell mitotic activity and repopulation potency as well as differentiation among lineagecommitted cells.'-3 In our previous studies, the adherent murine bone marrow stromal cell (BMSC) population was shown by various methods to contain phagocytic endothelial-like cells, macrophages, and nonphagocytic fib rob last^.^.^
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In the present study we have further characterized the cells of the murine bone marrow stroma in both long-term and colony-forming unit fibroblast (CFU-F) primary cultures using monoclonal antibodies (MoAb) and cytochemical staining techniques. We found the endothelial-like cells displayed antigens not only for von Willebrand's Factor (vWF) and for three independent endothelial-specific MoAbs but also for three antigens generally ascribed to the macrophage-monocyte-granulocyte lineage.',' We found that the fibroblasts expressed collagens I, 111, and IV and were also positive for two smooth muscle and one pan-muscle actins and one smooth muscle myosin in culture.
MATERIALS AND METHODS
Animals. Three-to 6-month-old (C57BL/6 X DBA/2)FI male mice were used. The animals were obtained from our own breeding colony and maintained in our facility under strict specific pathogenfree bamer conditions. The mice were free of all testable mouse pathogens? Animals were killed by cervical dislocations.
All long-term cultures were primary cultures and were established by using the method previously described.'Oall Adherent layers were established by flushing the contents of the mouse femur and plating 1 X IO6 cells directly into a 35-mm dish containing long-term culture medium (LTCM) (Iscove's modified Dulbecco's medium [GIBCO, Grand Island, NY] + 12.5% fetal bovine serum [FBS] + 12.5% horse serum + mol/ L 2-mercaptoethanol). Hydrocortisone ( mol/L) was added to the cultures to increase their longevity.12 The cells were incubated at 33°C and humidified in 7% CO2 and 5% O2 for 2 to 4 weeks. The medium was removed and replaced with fresh LTCM at weekly intervals.
All CFU-F were from primary plating except where specifically noted. Donor femurs were repeatedly flushed
Long-term bone marrow cultures (LTBMC).
CFU-F culture conditions. surface antigens F4180, 714, and Mac-I under our culture conditions. The cytoskeleton of the stromal fibroblasts in culture was shown to express smooth muscle-specific actin isoforms, as evidenced by positive staining of stress fibers for a smooth muscle-1 , CGA-7 (a/y isoforms), and HHF-35 (recognizes all muscle-specific actins). Under culture conditions, stromal fibroblasts were also found to be positive for a polyclonal smooth muscle myosin. It was found that these fibroblasts stained for collagens type 1, 111, and IV in our cultures. Although collagen type IV is considered a byproduct of endothelial cells, endothelial-like cells in our cultures did not stain for any of the collagen types. We propose a classification listing for murine BMSCs as macrophages, endothelial-like cells, and fibroblasts that display smooth muscle-like characteristics in culture. with Eagle's minimum essential medium (MEM) with Earle's salts + 15% heat-inactivated FBS. This preparation is henceforth designated as MEM-F. The cell suspension was passed through decreasing bore needles (1 8 to 22 gauge) to obtain a single cell suspension. Nucleated cell counts were performed with a ZBI Coulter Counter (Coulter Immunology, Hialeah, FL). The cells were incubated in sterile plastic culture dishes, 60-mm diameter (Becton Dickinson Labware, Mountain View, CA), in MEM-F at 37°C and humidified in 7% CO2 and 5% O2 for a period of 1 to 7 days.
Pure endothelial-like jibroblast and macrophage cell cultures. Bone marrow cells (BMC), 1 X IO7, were cultured as described above for 24 hours. Nonadherent cells were then poured off and discarded and the dishes were washed twice with phosphate-buffered saline (PBS) and versene (0.1% EDTA in PBS). Adherent cells were then trypsinized with 0.5% trypsin-EDTA (GIBCO), washed, and resuspended in 10 mL MEM-F.
Pure cultures of endothelial-like cells were produced by exposing the suspension of adherent cells to uncoated magnetic Dynabeads (Dynal, Inc, Great Neck, NY) for positive selection, following the method previously des~ribed.~ The bead containing phagocytic cells remaining in the tube were washed in MEM, then resuspended in MEM-F and counted. Five hundred cells were seeded per 35-mm culture dish in 1 mL MEM-F and 200 U murine granulocyte-macrophage colony-stimulating factor (GM-CSF) (a gift from Amgen, Thousand Oaks, CA) and cultured for IO to 14 days without refeeding to ascertain pure colonies. Further culture allowed near confluent growth of endothelial-like cells. For pure fibroblast cultures, adherent cells were exposed to the uncoated beads for removal of most phagocytic cells following the method previously described.' The nonphagocytic cells were then counted and cultured in I mL MEM-F (with mol/L 2-mercap toethanol. 100 U/mL penicillin, and 100 mg/mL streptomycin) with Io' cells plated per 35-mm dish for a period of 14 days without refeeding. As many as three additional passages were required in some experiments to remove any contaminating phagocytic cells and then to achieve near confluent growth. Control cultures of murine tail skin-derived fibroblasts were developed by freeing the fibroblasts with collagenase/dispase (2.5%) and growing them under similar in vitro conditions. Macrophage cultures were grown by seeding 500 of the adherent cells per 35-mm culture dish in I mL MEM-F and 50 to 500 U macrophage colony-stimulating factor (CSF-I: Genzyme Corp. Cambridge. MA) for more rapid growth and cultured for IO to 14 days without refeeding. Further culture produced nearly pure cultures of macrophages.
Peritoneal macrophages were used as a control cell type and were obtained by an abdominal injection of 10% normal goat serum. After 2 days the peritoneal cavity was flushed with MEM-F. Five hundred cells were then seeded per 35-mm culture dish in I mL MEM-F and 100 U CSF-I and cultured for IO days without refeeding.
The antibodies Mac-I (Boehringer Mannheim, Indianapolis, IN), 7/4 (provided by Dr Ivan Bertoncello. Peter McCallum Institute. Melbourne, Australia), and F4/80 (provided by Dr Gerald Spangrude, Rocky Mountain National Institute. Hamilton, MT) were used to detect antigens associated with the myeloid cell lineage."-" The presence of endothelial-like cells was determined by the polyclonal antibody rabbit anti-human vWF, also referred to as factor VIII-associated antigen (Dako, Carpinteria, CA) and three rat MoAbs. MECA-99, MECA-32, MJ7-18, raised against Anrihodv characteri:ation. The presence of interstitial collagen antigens was tested against fibroblasts and endothelial-like cells using collagen types 1, 111, and IV (Southern Biotechnology Associates. Birmingham, AL).
The antibodiesnsmooth muscle-I (a-SM-I), HHF-35, and CGA-7 (provided by Dr Allen Gown, School of Medicine, University of Washington, Seattle) were used to detect the presence of n and y smooth muscle actins.'"'s
The antibody anti-MHC 204, developed by C. Kelly et a126 (provided by Dr Z. Yablonkat Reuveni. Department of Biostructure, University of Washington) was used to detect the presence of smooth muscle myosin.'"'x MoAh /?inding. Cells grown in tissue culture dishes were fixed in absolute methanol for IO minutes at 4°C. The cells were rehydrated then blocked for I hour with 10% normal rabbit serum. Cells in individual dishes were then incuhated 4 hours with each of the following antibodies: MECA-99 (2.4 mg/mL). MECA-32 (1.6 mg/mL). MJ7-18 (2 mg/mL). 7/4 (10 pg/mL). and Mac-I (10 pg/mL). All antibody dilutions were prepared in 3% bovine serum albumin. After rinsing for 20 minutes in PBS. pH 7.3. the cells were incubated for 2 hours in the secondary antibody. biotin-conjugated F(ab')' fragment rabbit anti-rat IgG ( I :300) (Southern Biotechnology Associatcs). Labeled cells were detected by either streptavidin-gold ( I : 150) (Amersham. Arlington Heights. IL) or the enzyme marker. glucose oxidase and associated dye substrate (Vector Labs. Burlingame. CA). that cross-links with the biotinylated secondary antibody. Pure cell cultures of murine fibroblasts and endothelial-like cells as well as control bovine aortic smooth muscle cells (the latter cell type provided by Dr Michael Kinsella. Department Pathology, University of Washington) were trypsinized. and approximately 500 cells from each culture were plated onto glass chamber slides. MoAb to smooth muscle actins. n-SM-I (1:400). HHF-35 (1:400). and CGA-7 (l:100). and a smooth muscle myosin (1:250) were added to each cell type and incubated for I hour at room temperature following methanol fixation. After three washes, cells incubated with the actins were incubated in the secondary antibody. fluorescein conjugatedrabbit anti-mouse IgG (1:SOO) (Dako) for I hour at room temperature. Fluorescein conjugated goat anti-rabbit F(ab')2 IgG (Organon Teknika) was used to detect the smooth muscle myosin.
Fixed cells were blocked with 10% normal goat serum (Vector Labs) for I hour at room temperature, then were incubated in rabbit anti-human vWF (10 pg/mL) (Dako) for 3 hours at room temperature. After rinsing the cells for 20 minutes. the cells were incubated for 2 hours in the secondary antibody. biotinconjugated goat anti-rabbit F(ab')? IgG ( I:300) (Organon Teknika), rinsed for 30 minutes. then incubated with streptavidin-gold (1:150) for I hour.
LTBMC. CFU-F, and pure cultures of fibroblasts and endothelial-like cells were tested with antibodies supplied Cells were fixed in half strength Karnovsky fixative in 0. I mol/L cacodylate buffer (pH 7.3) for 2 hours at room temperature. Cells were then rinsed and postfixed in 1% osmium tetroxide for 2 hours, dehydrated in graded
Trcmsnti.srion c~li~crrorr microscopr (TE.44).
ethanols. embedded, and sectioned. Sections were imaged on a JEOL IOOB transmission electron microscope (JEOL. Peabody, MA).
RESULTS
We identified murine BMSC types according to morphology and the staining procedures summarized in Table   1 . Fibroblastoid cells were 15 to 50 pm in diameter, contained one, two. or three nuclei. and displayed extended cytoplasmic For personal use only. on April 14, 2017. by guest www.bloodjournal.org From an average cell radius of about I6 pm and displayed one or occasionally two nuclei. The cytoplasm of many endotheliallike cells seemed vacuolated. Macrophages had one nucleus and displayed an elongated bipolar shape when cultured with 50 U CSF-I but were larger and more rounded with extended cytoplasmic processes when cultured with 500 U CSF-I.
In this study MoAb and cytochemical staining techniques were used to characterize the three stromal cells types grown in our CFU-F culture conditions and the anastomosing adherent stromal cell layer formed in LTBMC. LTBMC reached confluency at 2 to 3 weeks and displayed cobblestonelike areas ubiquitously distributed throughout the culture and often adherent to underlying fibroblastoid stromal cells. Many of these cellular aggregations were shown to stain chloroacetate esterase-positive (Table 2 and Fig I) , which would suggest neutrophilic granulocytes. and are presumably regions of hematopoiesis from which the nonadherent cells arise."." ' The vast majority of murine cells in 2-to 4-week-old LTBMC and CFU-F in culture were myofibroblasts by definition. This was shown by staining the cells for alkaline ph~sphatase,~'." smooth muscle a~:in'"'~ and myosin.'"'* The results are summarized in Tables I and 2 . Electron microscopy showed that the cytoplasm of BMSC fibroblasts contained numerous filamental bundles (Fig 2A) . Immunofluorescence demonstrated that by 48 hours following fresh BMC plating, BMSC alkaline phosphatase-positive fibroblastoid cells were positive for a smooth muscle-I antigen (a-SM-I), CGA-7, and HHF-35 ( Fig 2B) as well as smooth muscle myosin (Fig 2C) . HHF-35 reportedly recognizes all muscle-specific actins, CGA-7 is specific for a and y SM actin isoforms, anti-a-SM-I recognizes (Y SM.'".'' However, fibroblasts isolated and cultured from the tail dermis were also positive for all the above smooth muscle antibodies. Studies have suggestedx3 that variation of culture conditions can influence the phenotypic expression of muscle actins in fibroblast cell lines. Therefore, we use with caution the term myofibroblast for BMSC fibroblasts growing in culture. Many of the alkaline phosphatase positive myofibroblasts in LTMBC contained large vacuoles that were shown to contain lipid deposits by staining with oil red 0.
indicating that they had become adipocytic.
Es~uhlislitnmt of~\ihrohlust identity. For CollqFm lyping. Four-week-old CFU-F cultures, LTBMC. and confluent cultures of control bovine aortic endothelial cells were assayed for collagen type IV. Fluorescent and immunogold staining demonstrated the presence of extracellular fibrils in both CFU-F and LTBMC (Figs 3A and B) positive for collagen type IV. Collagen type IV was shown to be associated with areas containing large populations of both smooth muscle actin and myosin-positive fibroblasts and adipocytes in LTBMC. Primary cultures of mixed BMSC and pure endothelial-like cells as well as pure myofibroblasts that were passaged six times also indicated that the synthesis collagen type IV was associated only with the myofibroblasts (Fig 3A) and not with the endothelial-like cells under our culture conditions. Mouse tail fibroblast controls. CFU-F, pure cultures of bone marrow-derived myofibroblasts and endothelial-like cells were stained for cytoplasmic collagen types I and 111. Pure cultures of BMSC myofibroblasts, passaged eight times, were shown to be weakly positive for collagen types I and Ill ( Table 1 and Figs 4A and B) . Endothelial-like and macrophage cells were negative for both types I and 111 collagen.
Identification of cndo!helial-like cells versiis macro- (Fig 5) , and MJ7-18 specifically stained the rounded endothelial-like cells and did not stain macrophages or the myofibroblasts in both pure and mixed cell type CFU-F colony cultures. Endothelial-like cells from LTBMC and both early and late primary cultures displayed perinuclear staining for vWF (Figs 6A and B) . Primary 10-week-old cultures of confluent pure endothelial-like cells, obtained as described in Materials and Methods, demonstrated that some of these rounded cells doubled or tripled in size with senescence.
Macrophages and endothelial-like cells of CFU-F stroma both demonstrated the ability to stain for the F4/80 and 714 antigens under our CFU-F and pure culture conditions ( Table 1 and Figs 7A and B) and for nonspecific esterase and acid phosphatase in both CFU-F and LTBMC (Table 2 and Fig 8) . Macrophages and endothelial-like cells of LTBMC were both shown to be positive for Mac-I ( Tables 1 and 2) when grown in 50 U/mL GM-CSF (Fig 9) ; however, when grown with 200 U/mL GM-CSF, only the macrophages stained for the Mac-1 antigen. Myofibroblasts were negative for these surface antigenic determinants.
DISCUSSION
The adherent mouse BMSC population under our culture conditions consisted of three clonable4 cell types: myofibroblasts, macrophages, and endothelial-like cells, as identified by previously described methods!, 6 We have now characterized the stromal cell types by morphology, lectin affinity, and enzymatic and immunocytologic staining technique^.^ The present study attempts to clarify the cell lineage of the stromal cell types by the use of MoAbs to identify the expression of antigenic determinants. MoAbs have been used previously to determine the cell lineage of the stromal cell populations in LTBMC. '9,34-38 In this study we found that fibroblasts derived from BMSC expressed smooth muscle-specific actins and myosin within 48 hours of being placed in culture. Cells displaying both fibroblastic and smooth muscle characteristics have been described as m y o f i b r o b l a s t~.~~~~~~~~@ ' BMSC termed myofibroblasts have been shown to display characteristics similar to that of vascular smooth muscle cells, for instance, the storage of horse serum proteins in endocytic vesicles4' and the ratio of chondroitin and or dermatan sulfate to heparan sulfate produced."2 Smooth muscle-specific a actin has been demonstrated in rat and human cell populations termed myofibroblasts, including those of fetal and fibrotic marrow stroma.21,22.25 It has been suggested that the appearance of smooth muscle actin expression in cells of human marrow stroma in vivo is associated with conditions of extensive proliferation of stromal eIements. 2',22 We have shown marrow-derived fibroblastoid cells to be positive for alkaline phosphatase and both smooth muscle actin and myosin in long-term, CFU-F, and pure cultures. These fibroblastoid cells were also closely associated with and possibly synthesize a collagen type IV extracellular matrix under our culture conditions. Collagen type IV is specific for basement membrane43 and is found on all surfaces of muscle ~e l l s .~~,~~ Collagen type IV has also been shown to be expressed in nonphagocytic cells described as endothelial-like among murine BMSC.I9 However, in the present study we did not find any evidence to support the suggestion that the vWFpositive endothelial-like cells that we derived from BMSC synthesize collagen type IV.
Under our culture conditions, the endothelial-like cells were shown to express a positivity for V W F ?~~' lectin-binding a f f i n i t~,~.~~ and endothelial surface antigens. The surface markers used (MoAbs MECA-99, MECA-32, and MJ7-18) were developed from antigenic determinants on vascular end~t h e l i u m . ' * ,~~ Other studies have shown endothelial cells to express antigens that are also present on a wide variety of hematopoietic cells,7s8 for instance, cells of the myeloid lineand platelet and erythrocyte membrane protein^.^^-^^ In relation to the above, we found that the endothelial-like cells of murine marrow stroma not only express the specific endothelial antigenic markers, but also share other antigenic markers generally thought to be present in the myeloid lineage. These consisted of antigenic determinants found also on the macrophages, Mac-1 ,56,57 F4/80,'3,'4,'6 and 7/4,15 although the expression of the Mac-l surface antigenic determinant on the endothelial-like cells seemed to be affected by the concentration of the cytokine GM-CSF. These findings emphasize the importance of culture conditions for the expression of antigenic determinants. They also suggest the possibility of a common precursor for the macrophage and endothelioid marrow cell types similar to that observed in blood islands of the yolk-sac mesoderm. 58 In summation, we propose that the normal bone marrow stroma of the mouse contains three major cell types: a macrophage that is positive for the above listed macrophage antigens and grows slowly but best with CSF-1 stimulation; an endothelial-like cell that grows well only with GM-CSF stimulation and is positive for vWF antigen as well as three specific endothelial cell antigens but also contains normally myeloid series antigens on its surface; and a myofibroblast, similar to that described in cultures of human as well as in a murine cell line,59 which contains myosin and a actin fibers and appropriately synthesizes collagens I, 111, and IV. It is known that these nonimmortalized cell types produce several hematopoietically active c y t~k i n e s~,~ that may reflect their role in providing a microenvironment suitable for controlled growth and differentiation of the hematopoietic cells which develop in close association with them. Their expression of surface antigenic components may also depend on cytokine-related conditions of the culture.
